Junctional adhesion molecule (JAM) is involved in tight junction (TJ) formation in epithelial cells. Three JAMs (A, B, and C) are expressed in rat hepatocytes, but only rat JAM-A is present in polarized WIF-B cells, a rat-human hepatic line. We used knockdown (KD) and overexpression in WIF-B cells to determine the role of JAM-A in the development of hepatic polarity. Expression of rat JAM-A short hairpin RNA resulted in ϳ50% KD of JAM-A and substantial loss of hepatic polarity, as measured by the absence of apical cysts formed by adjacent cells and sealed by TJ belts. When inhibitory RNA-resistant human JAM-A (huWT) was expressed in KD cells, hepatic polarity was restored. In contrast, expression of JAM-A that either lacked its PDZ-binding motif (hu⌬C-term) or harbored a point mutation (T273A) did not complement, indicating that multiple sites within JAM-A's cytoplasmic tail are required for the development of hepatic polarity. Overexpression of huWT in normal WIF-B cells unexpectedly blocked WIF-B maturation to the hepatic phenotype, as did expression of three huJAM-A constructs with single point mutations in putative phosphorylation sites. In contrast, hu⌬C-term was without effect, and the T273A mutant only partially blocked maturation. Our results show that JAM-A is essential for the development of polarity in cultured hepatic cells via its possible phosphorylation and recruitment of relevant PDZ proteins and that hepatic polarity is achieved within a narrow range of JAM-A expression levels. Importantly, formation/ maintenance of TJs and the apical domain in hepatic cells are linked, unlike simple epithelia.
partitioning-defective polarity protein/atypical protein kinase C complex EPITHELIAL CELLS LINE all body organs and serve as selective barriers between two different worlds (the internal and the external). Epithelia accomplish this essential function by cementing themselves together through intercellular junctions and restricting distinct activities to one plasma membrane (PM) surface or the other (the basal and apical domains) (72) . Recent progress has led to the identification of many proteins involved in establishing polarity, and studies have highlighted three polarity complexes that play key roles (5, 55, 59) . One such complex includes the membrane protein junctional adhesion molecule (JAM), which belongs to the cell differentiation antigen 2 (CD2) subgroup of the Ig superfamily of cell adhesion proteins (reviewed in Refs. 1, 18, 36) . There are three closely related members, JAM-A, -B, and -C, (1) , each having two tandem NH 2 -terminal, ectoplasmic Ig domains followed by single transmembrane spans and COOH-terminal cytoplasmic tails of variable lengths that end in postsynaptic density and ZO-1 (PDZ)-binding motifs.
JAM family members have been implicated in a number of cell processes, including platelet aggregation/association with the endothelium, diapedesis of white blood cells across endothelium, and tight junction (TJ) formation (18, 45) . JAM-A was first identified on the surface of platelets (46, 47) . It and other JAM isoforms were subsequently localized to TJs of many epithelia (38) , but JAMs appear not to be components of the TJ strands themselves. Rather, the proteins are found between TJ strands in Madin-Darby canine kidney (MDCK) cells (26) .
Although epithelial functions have been disrupted by JAM-A knockdown (KD) in cell culture models of simple epithelia and recently in cultured hepatic cells (35, 54) , gene knockout studies of individual JAMs in mice have shown no major defects in development or function of epithelia, most likely a consequence of gene redundancy (8, 21, 56) . Nonetheless, results from the in vitro studies suggest that JAM plays an essential and early role in TJ formation (17, 26, 38) , since it was found at primordial cell-cell contact sites in a bronchial epithelial cell line (31) .
Hepatocytes comprise the parenchyma of the liver and are organized differently than epithelial cells in other tissues. Most epithelial cells exhibit a simple polarity, consisting of single apical and basal surfaces that are opposite each other and lateral surfaces that participate in cell-cell associations. In contrast, hepatocytes are polygonal and multipolar, with at least two basal surfaces facing the circulation and a branched network of grooves that forms between adjacent cells and constitutes the apical, or bile canalicular (BC) surface. Thus the cells are organized into cords. During mouse development, a liver bud composed of nonpolarized hepatoblasts is detected at embryonic day 9.5 (74) . From embryonic day 17 to embryonic day 21, the hepatoblasts form clusters resembling acini and develop a simple polar phenotype with their apical surfaces facing a central lumen (19, 34) . The multipolar hepatic phenotype gradually manifests itself during the postnatal period, although cell clusters whose apical poles face a small lumen are still evident 12 days after birth (34) . The molecular mechanisms direct-ing conversion from the simple polarity of an acinus to the polygonal polarity and cord organization of the adult liver are unknown.
In this study, we asked whether JAM-A plays a role in the establishment and maintenance of hepatic polarity. We used the well-characterized WIF-B hepatic cell line (4, 25, 58) , because these cells recapitulate a two-step polarization process reminiscent of that in vivo (13) and express only the rat JAM-A isoform. We found that expression of lentivirus encoding a short hairpin RNA (shRNA) to rat JAM-A knocked down 50% of the endogenous protein in WIF-B cells, with an accompanying loss of hepatic polarity and TJs. Expression of the human JAM-A (huWT, resistant to rat JAM-A shRNA) in KD cells rescued the hepatic phenotype. In contrast, expression of a human JAM-A lacking its COOH-terminal 4-amino acid PDZbinding motif (hu⌬C-term) did not. Importantly, we determined that human JAM-A harboring a single point mutation in its COOH terminus at threonine 273 (T273A) also lacked that ability to complement the KD cells. Additionally, we found that overexpression of huWT blocked development of hepatic polarity in normal WIF-B cells, as did three proteins that harbored mutations of putative phosphorylation sites in the cytoplasmic tail. Again, hu⌬C-term had no effect, while overexpression of the T273A mutant protein gave a partial block. Together, these results indicate an essential role for JAM-A, its cytoplasmic tail, as well as PDZ proteins in the development of TJs and hepatic polarity.
MATERIALS AND METHODS
Animal protocols (described in Supplemental Fig. S1 ) were reviewed and approved by the Institutional Animal Care and Use Committee of Johns Hopkins University School of Medicine. 1 
Materials
Defective adenovirus DNA, Psi5⌬E1-E3, pAdLox, and CRE8 cells were provided by S. Hardy Somatrix Therapy, Alameda, CA (22) Primary antibodies were from the following sources: rabbit antiatypical protein kinase C (aPKC)-(C-20, sc-216), goat anti-Scribble (C-20, sc-11049), and rabbit anti-lamin A/C (H-110, sc-20681) from Santa Cruz Biotechnology (Santa Cruz, CA); goat anti-JAM (AF1077) and rat ␤ 1-integrin (MAB2405) from R&D Systems (Minneapolis, MN); rabbit anti-ZO-1 (61-7300), mouse anti-occludin (33-1500), and rabbit anti-JAM (36-1700) from Zymed (San Francisco, CA); mouse anti-JAM (F11R, 552147), mouse anti-␤-catenin (610153), and mouse anti-E-cadherin (610181) from BD Biosciences (San Jose, CA); and mouse anti-Myc-tag 9B11 (2276) from Cell Signaling (Beverly, MA). Rabbit antibody to aminopeptidase N (APN) was described previously (3, 24, 25) . Rat monoclonal anti-ZO-1 hybridoma cells (R40.76) were provided by B. Stevenson (University of Alberta, Edmonton, AB, Canada). Antiserum to partitioning-defective polarity protein (PAR)3 (JH4936) was generated in rabbits immunized with a glutathione S-transferase fusion to rat PAR3 corresponding to amino acids 598 -1027 of mouse PAR3 by Covance (Denver, PA). Secondary antibodies used were from the following sources: Alexa-labeled anti-mouse, anti-rabbit, or anti-goat from Molecular Probes (Eugene, OR); Cy3-or Cy5-labeled anti-mouse, antirabbit, or anti-rat from Jackson ImmunoResearch Laboratories (West Grove, PA); and horseradish peroxidase-conjugated secondary antibodies, donkey anti-rabbit, rabbit anti-goat, and goat anti-mouse (Amersham Biosciences, Little Chalfont, UK).
Molecular Biology Methods
To determine which JAM genes were expressed in hepatic cells, we identified rat JAM-A, -B and -C IMAGE clones (accession nos. AF276998, BQ210314, and BC066309, respectively) through database searches and designed gene-specific primer pairs (nAH271/ nAH272, nAH273/nAH274, and nAH275/nAH276) to give three different size fragments on amplification. Total RNA was extracted with TRIzol reagent (Invitrogen) from freshly isolated hepatocytes, WIF-B, and Fao cells, and 0.5-1 mg total RNA was used to isolate mRNA with Oligotex according to the manufacturer's instructions (Qiagen). After cDNA preparations, PCR reactions were performed, the products were evaluated on an agarose gel, and the fragments were cloned into pGEM T-Easy vector. Plasmid DNA was isolated from selected colonies, and the sequences were confirmed. Primer sequences will be provided on request.
We produced third-generation self-inactivating lentiviral vectors (41, 75) , using the backbone pCFUGW (33) , which contains the ubiquitin C promoter driving a green fluorescent protein (GFP) reporter gene with a WPRE element to enhance long-term expression. This backbone gives efficient expression in liver and is useful for expression of shRNA (52) . The vector was modified by placing the human H1 promoter with a tetracycline regulatory element upstream of the ubiquitin promoter in a promoter-to-promoter orientation to give pCFUGW-H1.2, which makes shRNA expression inducible. In the absence of the Tet operator, the H1 promoter is fully activated. Target sequences (KO1 ϭ nt 108 -136 and KO2 ϭ nt 178 -196) to rat JAM-A mRNA were identified (Dharmacon siDESIGN Center). KO1 and KO2 oligonucleotides (5ЈGCTAGCCATCATAGACGTGAAG-AGAATTCAAGAGTTCTCTTCACGTCTATGATTTTTTGGAGT-TAAC and GCTAGCCGAAGCGCAGTGGTGCTGCCTTCAAGA-GAGGCAGCACCACTGCGCTTCTTTTTTGGCGTTAAC, respectively) and their complements were generated so that overhangs would clone into the NheI and HpaI sites of pCFUGW-H1; the antisense and sense sequences are underlined. The target sequences were inserted into the plasmid by GenScript (Piscataway, NJ) to give pCFUGW-H1.2-KO1 and pCFUGW-H1.2-KO2. The sequences have eight (KO1) and six (KO2) mismatches to human JAM-A (for more details see www.genscript.com).
Viral particles were packaged in 293T cells by cotransfection of plasmids containing the packaging genome, an envelope glycoprotein (VSVG), and either pCFUGW-H1.2-KO1 or pCFUGW-H1.2-KO2 essentially as described previously (57) . After transfection, cells were placed in serum-free medium, which was collected 24, 48, and 72 h later. The pooled medium was concentrated by ultrafiltration (100,000 mol wt cutoff). Titering was performed by applying viruses to 293 cells in the presence of 8 g/ml polybrene for 24 h, after which the virus was removed, fresh medium was applied, and 48 h later the cells expressing GFP were counted by microscopy.
Two plasmids, hemagglutinin antigen (HA)-tagged human JAM-A (epitope tag inserted after the signal sequence) and ⌬-Cyto (lacking the HA epitope and the entire COOH terminus), were used to generate the JAM constructs for this study (47) . HindIII/EcoRV fragments from HA-JAM-A and ⌬-Cyto were cloned into HindIII/SmaI sites of the adenoviral vector pAdLox to give pYC54 and pYC52, respectively. The HA tag was removed from HA-JAM-A in pAdLox by cloning its BstEII/PstI fragment into the BstEII/PstI sites of pYC52, giving pSH31 (huWT). The ⌬C-term mutant plasmid (deletion of the PDZ binding domain, -SFLV) was generated from pSH31 with primers nAH231/nAH229 (nt 451-1100 corresponding to aa 80 -295) and cloned into pGEM-T-Easy to give pSH04. The pSH04 BstEII/PstI fragment was then cloned into the BstEII/PstI sites of pYC52 to give pSH16 (hu⌬C-term). Single amino acid substitutions in huJAM-A were generated with the Stratagene QuickChange II Site-Directed Mutagenesis Kit. Primer pairs nAH285/nAH286, nAH234/nAH235, and nAH382/nAH383 to give pSH51 (S296A), pSH47 (S281A), and pRY300 (T273A), respectively, were used to amplify pSH31. The COOH terminus of HA-tagged human JAM-A with a Y280F mutation (44) was cloned into pSH31, thereby removing the HA tag (pSH48). All plasmid sequences were verified. Primer sequences are available on request. Recombinant adenoviruses were prepared with JAM pAdlox shuttle vector plasmids (pSH31, pSH16, pSH47, pSH48, pSH51, and RY300) and the Cre-lox system (22) . HEK293A cells were used to amplify the recombinant adenovirus.
Cell Culture, Infection, and Immunofluorescence
Cre8 and HEK293A cells were cultured as recommended by the supplier. WIF-B cells were grown as previously described (25, 58) except that the medium components glucose, ascorbic acid, and linoleic acid (542 ml/l, 15 mg/l, and 0.08 mg/l, respectively) were added to F-12 Kaign's modification (Invitrogen) to achieve a formulation nearly identical to that reported for F-12 Coon's modification. Cells (0.5 ϫ 10 6 ) were plated either onto dishes (10 cm) directly or onto dishes containing six glass coverslips (22 ϫ 22 mm) and fed every other day until use.
For lentivirus transduction, 100 l of viral sup plus 8 g/ml polybrene were applied to WIF-B cells grown on coverslips at day 3 or 4 and then twice more every other day thereafter. One day after the last application of virus (designated postinfection day 1), cells were trypsinized and plated onto dishes (10 cm) containing a coverslip, which was removed and used to evaluate polarity 12 days later. Postinfection day 7 or 8 cells from the same dish (10 cm) were trypsinized, and those with the brightest GFP expression (an indicator of stable virus integration) were isolated by FACS and cultured short-term. On day 7 or 8 after FACS, whole cell extracts from the short-term cultures were prepared to evaluate JAM-A levels (see below and Ref. 27 ). Frozen stocks of virus-infected cells were prepared after several rounds of propagation and then thawed, cultured, and FACS sorted on postinfection days 40 (KO1) and 29 (KO2). The sorted cells were plated by limiting dilution, and random clones were subsequently isolated, expanded, and evaluated ϳ3 mo after infection.
For JAM-A expression studies, we applied adenoviruses at multiplicity of infection of ϳ10 viral particles/cell to day 7 KD or day 8 -9 WIF-B cells cultured on coverslips. After incubation (37°C, 60 -90 min), fresh medium was added and the cells were cultured for 3-4 days before analysis.
For localization studies, cells on coverslips were rinsed briefly in PBS and then fixed, permeabilized, and rehydrated as described previously (40) . Subsequent incubations were at room temperature. Samples were blocked in 1% BSA-PBS (30 min), incubated in primary antibody (1 h), rinsed in PBS (3 ϫ 5 min), and then incubated with secondary antibody (1 h), rinsed in PBS (3 ϫ 5 min), and mounted in 25% glycerol-2 mg/ml phenylenediamine in Tris-buffered saline, pH 9.5-10.5 (20 mM Tris, 149 mM NaCl). Primary and secondary antibodies were diluted in 1% BSA-PBS, and appropriate secondary antibodies were used at 2-3 g/ml.
The labeled cells were examined by epifluorescence with a Zeiss Axioplan (Carl Zeiss), and digital images were collected with a Micromax charge-coupled device (CCD) camera (Princeton Instruments, Trenton, NJ) using IPLab 3.5 software (Scanalytics, Fairfax, VA). High-resolution, wide-field digital imaging was performed on an Axiovert 200 M (Carl Zeiss) equipped with a Lambda LS xenon lamp (Sutter Instrument, Novato, CA), filter sets 34, 38HE, and 43HE, Z-motor, motorized stage (Ludl Electronic Products, Hawthorne, NY), and Orca-ER CCD camera (Hamamatsu Photonics, Hamamatsu City, Japan). Volocity version 3 (Improvision, Lexington, MA) was used to capture images and Volocity version 4 to deconvolve them for colocalization analysis.
Polarity Index
To determine the extent of hepatic polarization in a given population of WIF-B cells, at least 100 cells were evaluated for the presence of an apical cyst plus a TJ belt. In the case of JAM-A KD cells, only those expressing GFP were evaluated to give a polar fraction (no. polar cells/total no. of GFP-expressing cells). In the huJAM-A overexpression studies, the polar fraction of huJAM-A-expressing cells was determined, and a polarity index was then calculated by normalizing to the polar fraction of either uninfected cells on the same coverslip or those expressing hu⌬C-term on a parallel coverslip.
Biochemical Analysis of Virus-Transduced/Infected WIF-B Cells
Whole cell extracts were prepared by scraping cells directly into SDS-PAGE sample buffer [10 mM Tris ⅐ HCl (pH 8.8), 2 mM EDTA, 2.5% SDS, 15% (wt/vol) sucrose] and boiled (3 min), and the DNA was sheared with a 28-or 27-gauge needle. Samples were then reduced with 2-mercaptoethanol (10% vol/vol), boiled again (3 min), separated by SDS-PAGE, and transferred to nitrocellulose as described above. Antibodies to JAM-A (36-1700) and other proteins were diluted in 1% BSA-PBS ϩ 0.1% Tween, applied to the blots, and incubated as described above and previously (27) . To quantify levels of JAM-A in the KD cells, extracts from uninfected WIF-B and JAM KD cells, four and two dilutions, respectively, were separated by SDS-PAGE and analyzed by immunoblotting. Immunoblots were probed with anti-lamin A/C as a loading control, based on the assumption that levels of a nuclear protein would be more representative of cell number than a cytosolic protein. For each WIF-B sample dilution, the chemiluminescence intensity of JAM-A (JAM intensityWIFB) was plotted versus that of lamin A/C (lamin intensityWIFB). A leastsquares regression fit was generated to give the formula (JAM intensityWIFB) ϭ (lamin intenstiyWIFB) ϫ (M ϩ B), where M is slope and B is intercept. This equation and the lamin A/C intensity of the KO extract (lamin intenstiyKO) were used to calculate the expected level of JAM if KD did not occur (ϭ calculated JAM intensityWIFB). Relative JAM in the KO extract ϭ (JAM intensityKO)/(calculated JAM intensityWIFB).
RESULTS

Hepatic Cells Express JAM and Its Binding Partners
We first determined the morphological and biochemical distributions of endogenous JAM and its many binding partners in mouse livers (Supplemental Fig. S1 ). JAM was predominantly expressed at TJs, as demonstrated by its colocalization with ZO-1, which appears as parallel tracks on the cytoplasmic side of the BC membranes of two adjacent cells. Of ZO-1's three PDZ domains, the second two have been shown to bind the COOH terminus of JAM (16) . JAM did not colocalize with APN, which is in the apical membranes lining the BC of cells (Supplemental Fig. S1A ). Two additional PDZ proteins, AF-6 and cingulin, bind to JAM and showed TJ patterns similar to that of JAM (Supplemental Fig. S1B ). We also used biochemical analysis to demonstrate that JAM-A, cingulin, and members of the PAR/aPKC complex cofractionated on sucrose gradients with the TJ protein ZO-1 (Supple-mental Fig. S1C ). Together, our results are consistent with localization studies of these polarity proteins at the TJs of simple epithelial cells (49, 71) .
We next determined the localizations of JAM and the PAR/ aPKC complex proteins in WIF-B, a well-characterized polar hepatic cell line with TJ strands present in ZO-1-containing belts around an intercellular cyst that corresponds to the apical surface (13) . The "tightness" of the TJ has been demonstrated by permeability of fluorescently labeled dextrans (25) . We and others (D. Cassio, personal communication) have also determined that claudin 2 is the major claudin expressed in WIF-B cells and is found at the TJ belt (data not shown). An important feature of WIF-B cells is that they progress through two types of polarity as they mature in culture, a phenomenon that recapitulates liver development in vivo (19) . After a proliferative phase, WIF-B cells exhibit a simple columnar epithelial morphology with TJ proteins forming a belt around the cell apex (Fig. 1A, left) ; later, groups of cells progressively (and somewhat synchronously) assume an hepatic phenotype in which TJ proteins form a circular belt around an apical cyst (Fig. 1A, right) , which is equivalent to the BC of the liver. Localization studies at these two stages showed JAM and ZO-1 at the TJ in both the simple and hepatic phenotypes, with the circular TJ belt of mature WIF-B cells often appearing as a line in a single optical section (Fig. 1A) . Analogous to endogenous JAM in rat liver PMs, JAM was found in the basolateral membrane of mature WIF-B cells. In contrast to in vivo findings, JAM was also in the apical membranes of WIF-B cells. We also determined that the polarity proteins known to use JAM as a membrane anchor, the partitioning-defective proteins PAR3 and PAR6 and aPKC-, colocalized with ZO-1 in both early and mature WIF-B cells (Supplemental Fig. S2 ). Finally, of the three closely related JAM proteins, we detected mRNAs for JAM-A, -B, and -C in freshly isolated rat liver hepatocytes but only JAM-A in WIF-B cells (Fig. 1B) . Thus our results indicated that WIF-B cells were a good surrogate for the study of JAM and its binding partners. Furthermore, our analysis was simplified, because only JAM-A was expressed in the cells.
Acute KD of JAM-A Leads to Dramatic Reduction of Hepatic Phenotype in WIF-B Cells
We chose an inhibitory RNA (RNAi) KD approach to test whether JAM-A is required for the development of hepatic polarity. WIF-B cells cannot be transfected with free short inhibitory RNA (siRNA) and lipophilic reagents (data not shown), so we generated lentiviruses encoding shRNAs that targeted two different sites on the rat JAM-A mRNA (KO1 and KO2; Fig. 2 ). Cells were infected with one of three viruses encoding GFP alone, KO1 ϩ GFP, or KO2 ϩ GFP. On postinfection day 13, when normal WIF-B cells typically exhibit the mature phenotype, cells expressing GFP alone showed normal levels of polarity (Fig. 2) and distribution of JAM-A (Supplemental Fig. S3B ). In contrast, cells expressing the shRNAs ϩ GFP showed reduced hepatic polarity (i.e., low numbers of cells with apical cysts; Fig. 2 and Supplemental  Fig. S3A ). Quantification confirmed this picture. That is, cells expressing shRNA KO1 or KO2 had relative polar fractions of ϳ0.25 and ϳ0.4, respectively (Fig. 2) . To determine the JAM-A protein levels in the KD populations, we isolated the brightest GFP-expressing cells by FACS on postinfection day 8, replated them, and prepared extracts 7 days later (postinfection day 15). (We were unable to measure JAM-A proteins immediately after FACS sorting, because cells had been trypsinized and the ectodomain of JAM-A cleaved.) JAM-A levels were 0.5 (KO1) and 0.6 (KO2) compared with that in GFP-only cells. This result suggested that polarity development in WIF-B cells was sensitive to relatively modest downregulation of JAM-A (Fig. 2) . Of the proteins examined, only the levels of ␤ 1 -integrin showed a reduction by immunoblotting (Fig. 2) . Localization of endogenous JAM-A in the KD cells (expressing GFP) revealed an overall reduction in intensity and a spectrum of expression/distributions from undetectable to variable patterns/intensities on the PM (Supplemental Fig. S3A ). The apical membrane protein 5Ј-nucleotidase (5ЈNT) was distributed around the entire PM as well as in an intracellular site in the nonpolar JAM-A KD cells expressing GFP ( Fig. 2 and Supplemental Fig. S3A ). This pattern was similar to that described for nonpolar hepatic Fao cells (65) .
Long-Term JAM-A KD Has Further Effects on WIF-B Cells
We next determined the long-term effects of JAM-A KD in KO1-and KO2-infected WIF-B cells. Random clones isolated from the brightest GFP-expressing cells were expanded and evaluated ϳ90 days after infection. The pooled KO1 clones had reduced JAM-A levels (33%) and polarity (40%), while the KO2 cells had near-normal levels of JAM and had regained polarity (data not shown). Upon further propagation of two KO1 clones, both polarity and JAM-A levels declined further (KO1#1 and KO1#3, Fig. 3 ). ␤ 1 -Integrin levels also decreased significantly, but those of E-cadherin, an adherens junction (AJ) protein, did not (Fig. 3) . Unfortunately, the low protein levels prevented quantification. Because the loss of hepatic polarity remained somewhat stable, we chose to use the KO1 population of KD cells for complementation studies.
Both JAM-A's PDZ-Binding Motif and T273 Are Required for Rescue of Hepatic Phenotype
It was important to determine whether expression of an RNAi-resistant JAM-A construct would restore hepatic polarity in WIF-B cells. To test for complementation, we generated recombinant adenoviruses expressing human wtJAM-A (huWT) and a mutant JAM-A lacking the last 4 amino acids (hu⌬C-term; Fig. 4A ). Because the human JAM-A sequence differed in 8 of the 19 nucleotides in the rat KO1 target sequence, we were confident that the human protein would be expressed. KO1 clonal cells grown on coverslips for 7-8 days were infected, and their polarity was evaluated 3 days later with species-specific anti-JAM antibodies (Supplemental Fig. S4 ). The KO1 clonal cells expressing huWT showed a significantly higher hepatic polar fraction (i.e., a TJ around an intercellular apical surface, ϳ2-fold) than those expressing hu⌬C-term JAM-A (Fig. 4B) . Importantly, hepatic polar cells showed positive staining of the TJ with human-specific anti-JAM-A (Fig. 4C) . We also found that polar cells generally expressed lower levels of the exogenous huWT than nonpolar cells in the same population (see next section and Supplemental Fig. S5 ). These results suggest to us that the polar KD cells expressing human wtJAM-A at the TJ were able to form TJs as a consequence of direct participation by the exogenous human wt protein. Furthermore, these results provide strong evidence that endogenous rat JAM-A was our RNAi target, and that even the modest 50% KD of endogenous wtJAM-A significantly impaired the development of hepatic polarity in WIF-B cells.
Recently, the ability of JAM-C to restore polarity in a carcinoma cell line was shown to be dependent on serine 281 of the cytoplasmic tail (37) . Phosphorylation of this residue was demonstrated in a previous study (15) . To examine the role of phosphorylation as a mechanism for JAM-A function in the development of hepatic polarity, we aligned the cytoplasmic tails of JAM-A from multiple species and found several possible phosphorylation sites that were conserved (Fig. 4A) . The analogous residue to S281, threonine 273 (T273), is conserved in all JAM-A species examined (Fig. 4A ) and in JAM-B and -C (37). We substituted alanine for T273 in JAM-A and expressed the construct in the KD cells. As for JAM-C (37), the JAM-A mutation rendered the protein inactive, providing strong evidence that hepatic polarity is dependent on T273 (Fig. 4B) .
Overexpression of Human wtJAM-A Inhibits WIF-B Cell Progression From Simple to Hepatic Phenotype: Role for Phosphorylation and PDZ-Binding Motif
Our complementation results prompted us to determine the consequences of overexpressing the exogenous JAM-A constructs in a normal WIF-B background. Recombinant adenovirus was applied to cells at day 8 -9 after seeding, as the cells transitioned from the simple (before day 9) to hepatic phenotype (ϳdays 12-14; Fig. 1 ). The cells were analyzed 3 days later. Unexpectedly, morphological analysis revealed that exogenous huWT JAM-A blocked the maturation of normal WIF-B cells. That is, a significant fraction of infected cells lacked TJ structures characteristic of the hepatic phenotype, as judged by localization of several TJ proteins (Fig. 5, A and B) . It is important to note that polarity was evaluated relative to that found in uninfected cells on the same coverslip, providing a convincing control for our observation. In contrast, expression of either GFP or hu⌬C-term had no effect, since cells matured normally and exhibited robust hepatic phenotypes (Fig. 5A) . Neither of the JAM-A constructs altered the expression levels of ZO-1 or E-cadherin (Supplemental Fig. S6A ). By immunoblot analysis of JAM-A expression levels, we found approximately six-to eightfold more exogenous than endogenous protein (Supplemental Fig. S6B ). Since ϳ20 -30% of the cell populations were infected, this meant that individual cells expressed ϳ20-fold more exogenous than endogenous JAM-A. However, the hu⌬C-term had no deleterious effect, yet consistently gave higher expression levels than huWT (20-to . Immunoblots: at postinfection day 8, the brightest GFP cells (GFP ϭ 9%, KO1 ϭ 8%, and KO2 ϭ 13%, respectively) were isolated by flow cytometry and cultured for 8 days, and cell extracts were analyzed by SDS-PAGE/immunoblot with the indicated antibodies (loading control ϭ nuclear lamins A and C). Quantification of the JAM-A immunoblot is shown in the histogram.
50-fold vs. 10-to 20-fold). Thus we are confident that the block in WIF-B maturation was related to JAM-A's activity (Supplemental Fig. S6B ).
We again focused on the role of phosphorylation of JAM-A's cytoplasmic tail as a mechanism for normal WIF-B cell maturation. Three additional JAM-A mutant constructs were generated with changes to two serines (S281 and S296) and a tyrosine (Y280) (Fig. 4A) . The sites were chosen based on different criteria. Tyrosine 280A was reported to affect JAM-A functions in another cell type (9, 10, 43) . Because phosphorylation of the PDZ domains of stargazin (9) and AMPA receptor (10) were shown to regulate their interaction with PDZ proteins, we chose to mutate S296, whereas S281 was identified with a web-based search engine (NetPhos 1.0 at http://www.cbs.dtu.dk/services/NetPhosK/). Each of these mutants behaved like huWT, ruling out roles for their possible phosphorylation in TJ formation (Fig. 5C) . In contrast, when T273A was expressed, the relative number of hepatic polar cells was intermediate to that of huWT and hu⌬C-term (Fig.  5D) . Importantly, the level of the T273A protein was similar to that of the huWT protein in WIF-B cells (Supplemental Fig.  S6C ). Together, these results reveal a role for T273 in JAM-A's polarity function.
Next, we compared the distributions of exogenous huWT and hu⌬C-term JAM-A in infected WIF-B cells, since the two proteins had dramatically different effects on the development of hepatic polarity (see Fig. 5A ). Approximately 24 h after infection, Յ10% of cells expressed detectable huWT, which was in intracellular vesicles and puncta at the cell-substrate interface (Supplemental Fig. S6) . By ϳ48 -72 h after infection, huWT was concentrated at cell-cell contacts (Fig. 6A, top row) . The hu⌬C-term protein showed a similar distribution, suggesting that the PDZ-binding motif was not required for cell contact formation or retention (Fig. 6A, bottom row) . This mutant protein was often found in the endoplasmic reticulum, as evidenced by its presence at the nuclear envelope, suggesting that it moved more slowly to the cell surface than huWT JAM-A. In contrast to the complementation studies described above, no exogenous JAM-A proteins were found at the TJs of polar overexpressing cells (Fig. 6A) .
The finding that both huWT and the hu⌬C-term mutant concentrated at cell contact sites but only huWT blocked maturation led us to examine the distributions of selected JAM-A binding partners in overexpressing cells. ZO-1 was found prominently with huWT at cell contacts, but to a much lesser extent in cells expressing the hu⌬C-term protein (Fig.  6A) . Quantification showed that nearly fourfold more ZO-1 colocalized with huWT than with hu⌬C-term (Fig. 6B) . Endogenous rat JAM-A was also present at some cell contact sites formed by each of the exogenous proteins, a finding that could account for the low levels of ZO-1 found with hu⌬C-term at the contacts (Fig. 6C ). Since ZO-1 binds actin filaments directly, we expected enrichment of actin only with the fulllength protein. Instead, we found actin at contact sites with both huWT and hu⌬C-term, indicating that its assembly there was likely independent of ZO-1 and JAM's PDZ-binding motif (Supplemental Fig. S7A ). To further characterize the composition of JAM-A contact sites, we compared the distributions of other TJ and AJ proteins, and most were similar to that of ZO-1. That is, these proteins were found at contact sites in huWT-expressing but not hu⌬C-term-expressing cells (Table 1 and Supplemental Fig. S7 ). In contrast, aPKC was not found at contact sites with either JAM protein (Table 1 and Supplemental Fig. S7 ). Because recent studies indicated a role for the serine/threonine kinase PAR1b in the development of hepatic polarity (11), we coinfected WIF-B cells with either huWT or the hu⌬C-term and PAR1b adenoviruses. Surprisingly, exogenous PAR1b was found at contact sites in the hu⌬C-term-but not huWT JAM-A-expressing cells (Table 1 and Supplemental  Fig. S7 ). Since a possible link between ␤ 1 -integrin and JAM-A has been uncovered (35), we localized ␤ 1 -integrin but did not find it at either the TJ or contact sites with any JAM protein (Supplemental Fig. S7 ), although exogenous JAM-A proteins were found with ␤ 1 -integrin at cell-substrate sites (Supplemental Fig S6) .
DISCUSSION
The results of this study demonstrate that full-length JAM-A is both essential and inhibitory to development of the fully polarized hepatic phenotype manifested by WIF-B cells. When endogenous rat JAM-A's expression was reduced below a critical level, cells did not form the characteristic apical cysts sealed by TJ belts containing JAM-A. Importantly, expression of the human full-length JAM-A rescued the hepatic phenotype in a significant number of KD cells, while mutation of a single residue (T273A) blocked JAM-A's ability to rescue hepatic polarity in the KD cells. This novel finding indicates that a single residue in the cytoplasmic tail of JAM-A is essential for hepatic polarity. In contrast, expression of huWT in normal WIF-B cells blocked their maturation from a simple to an hepatic phenotype and led to the accumulation of PDZ proteins at cell-cell contact sites containing huWT. Expression of hu⌬C-term JAM-A did not rescue the KD cells, inhibit the development of hepatic cell polarity, or lead to the accumulation of PDZ proteins at cell-cell contacts that contained the mutant protein. Our results imply that 1) JAM-A levels are tightly regulated, since either decreased or increased expression inhibited WIF-B maturation; 2) T273 is essential for JAM-A functions in polarity and may operate via phosphorylation; 3) the PDZ protein(s) that functionally interacts with JAM-A's COOH-terminal PDZ-binding motif also plays key role(s) in polarity; and 4) JAM-A is critical for the architectural remodeling that occurs as WIF-B cells mature from a simple to an hepatic phenotype. Finally, the combined results of several recent studies, including ours, demonstrate an important difference between the polarity of simple epithelia and that of hepatic cells: the former can exist in the absence of TJs, while hepatic polarity requires the coordinated establishment and maintenance of both TJs and the apical membrane domain.
Too Much or Too Little JAM-A Inhibits Establishment of Hepatic Polarity
KD studies. We observed a spectrum of JAM-A levels in the KD cells, from undetectable to amounts sufficient for regional (or clonal) apical cyst formation, suggesting that subtle changes in JAM expression dramatically alter the extent of hepatic polarity. Our KD results confirm and extend those of three recent reports on JAM-A. KD of JAM-A in filter-grown SK-CO15 cells resulted in its loss at TJs, decreased transepithelial resistance, and altered paracellular flux of fluorescent dextrans (35) . Unfortunately, the status of the claudins and occludin was not examined in this study, so the possible contribution of JAM-A to TJ function could not be evaluated. Second, KD of JAM-A in MDCK cells seeded into a collagen gel resulted in disordered cysts (54) , which lacked the apical lumens that are characteristic of this complex three-dimensional structure Single amino acid substitutions in huWT were made: phenylalanine replaced tyrosine 280, and alanine replaced residues at 273, 281, and 296. B and C: KO1#1 and KO1#3 clonal cells grown on coverslips were infected with huWT-, hu⌬C-term-, and T273A-encoding adenoviruses on day 8 of culture and then fixed on day 11 and stained with antibodies to hu-JAM (F11R, green), ZO-1 (R20.76, red), and aminopeptidase N (APN; pseudocolored blue). Wide-field images (0.3-m step) were captured and deconvolved with Volocity software. B: hepatic polarity was evaluated and the polar fractions in uninfected and infected cells determined. Histogram shows increased hepatic polarity with human huWT but not with either hu⌬C-term or T273A. Hepatic polarity ϭ no. of hepatic polar cells/no. of JAM-A expressing cells normalized to the hepatic polar fraction in nonexpressing cells. C: extended focus image of 2 polarized cells (dotted outlines) expressing huWT-JAM-A (green). The cells share 1 circular TJ (arrows), as indicated by colocalization with ZO-1. The TJ encircles an apical cyst (blue). (50, 68) . Third, KD of JAM-A in HepG2 cells caused a loss of hepatic polarity as indicated by a significant reduction of pseudocanaliculi (30) . Interestingly, a new cell morphology was observed thatresembled simple epithelia and correlated with an increase in E-cadherin expression (see below and Ref. 30) .
Complementation. We have shown that exogenous JAM-A can rescue hepatic polarity. When modest amounts of an RNAi-resistant wtJAM-A (huWT) were expressed in WIF-B KD cells, apical cysts with TJ belts formed and the latter had incorporated the exogenous protein. Furthermore, rescue was dependent on the presence of either T273 or JAM-A's PDZbinding motif, since there was no increase in the number of polar cells when an RNAi-resistant JAM-A T273A or ⌬C-term protein was expressed. This is the first demonstration that mutation of a putative phosphorylation site in JAM-A abolishes its function in epithelial polarity (see below).
Overexpression. We initially hypothesized that the maturation of WIF-B cells might be accelerated when JAM-A levels were increased in normal cells. Unexpectedly, huWT overexpression had a strong inhibitory effect on this conversion step, whereas overexpression of hu⌬C-term had none. Despite the high levels of exogenous protein, we assert that the PDZbinding motif of wtJAM-A was directly responsible for this block, since expression of the hu⌬C-term protein, which was not inhibitory, was consistently greater than that of the fulllength protein.
We also examined the behavior of four JAM-A constructs in which putative or known phosphorylation sites in the cytoplasmic tail were mutated. Our finding that expression of three mutants, one of which affected JAM-A function in another system (43) , blocked WIF-B cell maturation to the same extent as huWT indicates that the mutated residues are not relevant to hepatic TJ formation. However, one construct, T273A, had an intermediate effect on normal TJ formation and hepatic polarity when expressed at comparable levels as huWT, pointing to the importance of a second region of JAM-A's cytoplasmic tail in the development of hepatic polarity.
JAM-A's Cytoplasmic PDZ-Binding Domain is Essential for Its Remodeling Function in WIF-B Cells
Our results clearly show that JAM-A's PDZ-binding motif is crucial for WIF-B cell maturation, since the hu⌬C-term protein is inactive in either promoting or inhibiting TJ and apical cyst formation. Multiple PDZ proteins have been shown to bind JAM-A, including ZO-1, PAR3, AF-6, MUPP1, and CASK (reviewed in Ref. 55) . Several reasons lead us to suggest that ZO-1 and PAR3 are the most likely candidates to functionally interact with JAM-A in our system. First, ZO-1 is an early player for junction formation in epithelia (73) , and JAM-A is not far behind (20) . Second, PAR3 is a member of the PAR/ aPKC complex (17, 26) , which is required for establishing and maintaining TJs in epithelia, and JAM is the only known membrane anchor for it (reviewed in Refs. 49, 62) . All members of this complex are expressed in hepatic cells, and they localize to the TJ in WIF-B cells. However, PAR3 was the only cytoplasmic member at the huWT-induced contact sites; aPKC was conspicuously absent. (Antibody limitations did not allow us to localize PAR6 in the overexpression studies.) Because PAR3 is an aPKC substrate (see below), its presence without aPKC at contact sites suggests that PAR3 was not phosphorylated and that recruitment of the remaining components of the PAR/aPKC complex was blocked. There is abundant evidence that aPKC is required for establishment of simple polarity (49, 51, and 62) , and we have confirmed this by using pharmacological aPKC inhibitors, which blocked the maturation of WIF-B cells (unpublished results). Future studies overexpressing either wtPAR3 or a phospho-PAR3 mutant might reveal whether a balance between JAM and PAR3 levels is important for recruitment of the kinase and further development of hepatic polarity in WIF-B cells.
JAM-A Phosphorylation and Kinases Are Important for Epithelial Polarity
Our study of four possible phosphorylation sites in JAM-A demonstrate that only T273 is essential for the development of hepatic polarity. The corresponding site, S281, in JAM-C (37) has been shown to be phosphorylated when expressed in CHO cells (15) and important in the development of simple polarity in a murine lung carcinoma cell line (37) . Identification of the relevant kinase is clearly an important goal for future studies.
The list of kinases linked to epithelial TJ assembly has grown in recent years. The use of specific inhibitors has implicated conventional PKC (cPKC) in regulating assembly of TJs (60) . In fact, ZO-1 has been shown to be a cPKC substrate (60) . Our own database search using the JAM-A cytoplasmic tail as a putative phosphorylation substrate revealed that cPKC may phosphorylate JAM-A at T273 (NetPhos 1.0) as well as other residues within KKGTSSKKV (aa270 -278; see http://www.cbs.dtu.dk/services/Net/Phos/). Recently, a link has been uncovered between PKA signaling during TJ assembly and the small GTPase Rab13 (28, 29) . Additionally, recent studies have revealed that two polarity proteins, PAR3 (42) and Lethal giant larva2 (51, 70) , as well as the serine/threonine kinase PAR1b are substrates for aPKC (61) . PAR1b clearly plays a role in the hepatic maturation process (11), since a kinase-deleted form was shown to inhibit WIF-B9 cell maturation, whereas overexpressed wtPAR1b drove formation of the hepatic phenotype in MDCK cells. Our database search using Predikin at http://predikin.biosci. uq.edu.au/pkr/ did not indicate that JAM-A was a substrate for PAR1b (N. Saunders, personal communication). Thus perhaps PAR1b acts indirectly through microtubules, which must be reorganized during the conversion from simple to hepatic polarity. Could their reorientation be driven by PAR1b, which was first shown to phosphorylate microtubule-associated proteins (reviewed in Ref. 14)?
What Does Simple 3 Hepatic Maturation Require?
Two recent studies have documented that simple epithelia can exhibit polarity in the absence of a TJ (2, 66) . First, activation of LKB1, designated a "master" kinase because it activated 13 kinases of the AMPK subfamily including PAR1 (32) , results in complete polarization of individual intestinal cells (2) . Second, knockout and KD of ZO-1 and ZO-2, respectively, in filter-grown epithelial cells resulted in the absence of TJs, but the cells were nonetheless polar (66) . In contrast, we found that changes in JAM-A levels affected formation of both TJs and the apical domain in WIF-B cells, leading us to suggest that the two structures are coordinately regulated in hepatic cells.
What steps must occur during the transition from a simple to an hepatic polarized phenotype? They could include selection of a site for the new apical surface and TJ to form; regulated recruitment to that site of relevant players [e.g., structural (E-cadherin) and enzymatic (kinases/phosphatases)]; remodeling of AJ and the cytoskeleton; as well as dynamic membrane protein and lipid sorting, targeting, and recycling. Could the JAM-A-induced contacts seen in our study represent a selection site? The location of the contacts between adjacent cells is consistent with this hypothesis, as is the presence of endogenous occludin, ZO-1, and PAR3 proteins found with JAM in other cell types (16, 17, 47) . However, others have proposed that E-cadherin may function as a targeting patch for development of the hepatic phenotype (12) . Unfortunately, JAM was not examined in this study. Could JAM-A and E-cadherin work together?
Surprisingly, depletion of E-cadherin did not disrupt simple polarity in MDCK cells (7, 53) . In agreement with this finding, clonal HepG2 cells lacking AJs nonetheless formed intercellular pseudocanaliculi with TJs (i.e., hepatic polarity) in the absence of E-cadherin and ␤-catenin at the cell surface. The abundance of pseudocanaliculi was reduced relative to cells expressing normal levels of E-cadherin, indicating that AJs are important but not essential for functional apical surface and TJ formation (64) . E-cadherin depletion also led to a reduced number of intercellular lumina (i.e., hepatic polarity) formed in PAR1b-overexpressing MDCK cells. In contrast, a reciprocal link between E-cadherin levels and hepatic polarity was identified in response to JAM-A depletion (30) . That is, high levels of E-cadherin transcripts and protein correlated with a loss of pseudocanaliculi (30) . In our study, we found no change in E-cadherin levels when JAM-A was either knocked down or overexpressed. The two responses to loss of JAM-A may reflect inherent differences between the two cell lines.
In addition to playing an essential role in the maintenance of the apical domain in hepatocytes (6), the actin-based cytoskeleton must also be remodeled during the maturation process. Thus actin's presence at JAM-A-induced cell contacts is consistent with them being future sites of the new apical surface and TJ. However, we did not find apical membrane proteins at the contact sites (data not shown), leading us to suggest that the actin-based retention mechanisms proposed for apical membrane proteins in hepatic cells were not established (65) .
Recent studies investigating the mechanisms of apical (BC) membrane biogenesis have identified additional components essential to the hepatic phenotype (67, 69) . They also support our hypothesis that formation and maintenance of the apical domain and TJs are linked. First, KD of the small GTPase Rab11a in WIF-B9 cells resulted in loss of the hepatic apical surface and corresponding appearance of the simple phenotype as monitored by ZO-1 distribution (67). Second, KD of radixin, an ERM (ezrin, radixin, and moesin) family member expressed in liver and implicated in linking PM proteins to the actin cytoskeleton, also resulted in loss of the apical surface in primary hepatocytes cultured in collagen gels (69) . The intracellular appearance of apical membrane proteins in Rab11-containing vesicles in the radixin KD cells was similar to that of our JAM-A KD phenotype, implying that TJs were lost, although TJ status was not investigated. Nevertheless, these results together with ours suggest that dynamic vesicle traf- JAM, junctional adhesion molecule; wt, wild type; TJ, tight junction; PAR, partitioning-defective polarity protein; aPKC, atypical protein kinase C; AJ, adherens junction; Ϫ, not detected; Ϯ, present on plasma membrane, not enriched at contacts; ϩ, present at some contacts; ϩϩ, some enrichment; ϩϩϩ, enrichment at Ն40% of contacts.
ficking and cytoplasmic retention mechanisms are necessary to maintain a hepatic apical surface with encircling TJs.
Concluding Remarks
The results of our study confirm and extend the utility of WIF-B cells for studies of hepatocyte polarity. The insights gained by using an in vitro cell system that expresses only one JAM isoform can guide studies of liver development in vivo, where the lack of liver phenotypes in any of the three JAM knockout mice points to overlapping functions for the protein (8, 21, 56) . Future studies using the KD cells to express different JAM isoforms and mutant constructs should also provide further understanding of this protein's role in the complex polarity of hepatic cells.
